Abstract-In a tele-operation system with communication delay, the contact with an object on the slave side is transmitted to the master side with a delay. Hence, an operator may misunderstand that the slave has not yet contacted an object and adds more force. In the end, the slave may put excessive force that collapses the object. This paper proposes a model predictive control with a variable dumping method to avoid collision on the contact in a tele-operation system with time delay. The prediction method considers the distance to the object on the slave side, and the variable dumping is implemented on the master side. The proposed method is evaluated through numerical simulations and experiments.
I. Introduction
Control systems that transmit data via a network have recently been widely studied, thanks to the rapid progress of the network technology. Among these systems, remote control through a network is expected be applied to various elds, including dangerous areas, such as nuclear energy plants and the outer space. The master-slave system is one of the teleoperation technologies, where two robots on the master and the slave are controlled by bi-directionally transmitting the position and force information. Much research on a tele-operation system has been conducted to improve the transparency of the operationality. These investigations include application studies for various environments and work. Time delay causes a deterioration of the performance or transparency. In the worst case, time delay may lead to an unstable system. Hence, various methods were proposed to deal with the network time delay. Switching control, which assigns the most suitable controller among plural controllers depending on the environment, is proposed to satisfy the system stability and operability [1] . The switching methods are used to avoid the impact force or vibration when the slave collides with an object or applies excessive force on an object, causing the loss of the system's operability. Hieno et.al. proposed a method, which estimates the stiffness of the contacting object and adjusts the control gain based on the stiffness estimation [2] . Kambara et.al. proposed a method to estimate the reaction force without using force sensors in the reaction force measurement [3] . A method called the 4-channel (Ch) control is proposed [4] . This method implements the position and force control to both the master and slave sides. The time delay on the network severely affects the system performance or stability because the 4-Ch controller requires the transmission of the position and force information via a network. A method that implements a low-path lter to suppress vibration was proposed [5] . However, this method do not assume time delay. Therefore, they do not consider the vibration caused by the delayed collision. Meanwhile, Yoshida et.al. proposed a method to compensate for the tracking deviation of the position and force by predicting the future reaction force through predictive control based on an environmental estimation [6] . Kozuki et.al. assumed the network time delay, but only dealt with the non-contact motion with an object [7] . The tracking method of the master-slave using the Kalman lter was proposed in the studies related to the contact of the object and the manipulator [8] . An application based research for service robot, in which a mobile robot follows a person using the model predictive control and avoids collision, is conducted [9] [10] [11] . In the communication with time delay, an operator may misunderstand that the slave has not yet contacted an object and adds more force because the contact with an object on the slave side is transmitted to the master side with a delay. In the end, the slave may put excessive force that collapses the object.
This paper proposes a model predictive control with a variable dumping method to avoid collision on the contact in a tele-operation system with time delay. The prediction method considers the distance to the object on the slave side, and the variable dumping is implemented on the master side. The proposed method was evaluated through numerical simulations and experiments.
II. Issues on a tele-operation system with time delay Suppose a master-slave system shown in Fig. 1 , which is controlled so that the position deviation between the master and the slave becomes zero, is going to touch a fragile object like a egg. If there exists time delay in communication line, the slave moves as to follow the past motion of master in Fig. 1  (a) . When the slave touches an object as shown in Fig. 1 (b) , the master has already exceeded the contact position. Because the sense of the touch is not transmitted at that moment due to the delay, the operator does not recognize that the slave contacts the object. Therefore, the operator adds more force to the master as shown in Fig. 1 (c) . In the end, excessive force is applied to the slave and the object may be collapsed ( Fig. 1 (d) ).
In order to avoid the situation above, the system needs to be controlled not to apply excessive force on the object. One of the options is to stop the motion of the slave just before the contact of the object; however immediate stop near the surface of the object is difficult because the slave manipulator has an inertia with the acceleration and the velocity toward the object. Another option is to decelerate the slave manipulator depending on the distance to the object. But it is also difficult to judge the slave's motion by only the distance to the object. If the slave is very close to the object but it moves apart from it (in Fig. 2 ), the slave does not need to decelerate. In fact, not only the distance but also the velocity and the acceleration are required to avoid the collision to the object. Using these values, the relative distance between the slave and the object might be predicted, then the deceleration value is determined. If it is approaching slowly, deceleration is not so much, while if it is approaching fast, much deceleration is needed. For the slave controller, the future position, and velocity of the master is not known in advance due to the delay, hence it should continuously predict its state based on current states including position, velocity and acceleration.
III. Contact prediction control design x e is the position of the object; and x i , v i , a i , {i = m, s} are the positions, velocities, and accelerations of the master and the slave, respectively. In this system, the contact with the object is predicted by assuming that a distance sensor is implemented on the slave side to measure the distance from the slave to the object. A constraint is provided for the model based on the distance obtained by the sensor. Additionally, a variable damper is applied based on the distance of the slave and the object.
A. Motion prediction model 1) Motion model of the master:
The master motion model for the proposed system is shown in (1) . For simplicity, a onedimensional space is assumed in both the master and the slave, which can be extended to two or more dimensional spaces.
where x m is the master's position; v m is velocity; a m is acceleration, T s is the sampling time; and N p is the prediction horizon. Matrix X M [k], including the predicted position of x m from the k + 1 step up to the k + N p step at the time of the k step, is shown in (2).
. . .
where
2) Motion model of the slave:
Since the slave is driven by the input determined by the model predictive control, the state equation of motion model is given in (5) , where x S l is the state of the slave, x s is the position of the slave, v s is the velocity, a s is the acceleration. 
The control input u re f [k|k] is determined in the manner of (6) as follows:
is the value of u re f in k + N p − 1 step predicted at the time of the k step. Predicted position matrix X S [k] of x s from k + 1 step to k + N p step at the time of the k step is
C X is a diagonal matrix of with elements C x .
Eq. (9) is obtained by substituting (6) into (7) as follows:
B. Con guration of model predictive control
The cost function and constraints for the model predictive control are provided in (13) and (14), respectively. In the conventional model predictive control, the input to the slave is determined in accordance with the position deviation of master and slave. But in the proposed method, the constraints are given to avoid applying force to the object after touching an object due to time delay of the transmission. minimize
subject to :
The cost function in (13) includes the sum of the deviation of the master and slave positions and the control value. In the proposed model predictive method, the value which minimizes (13) is calculated in every step and it is given to the slave. As shown in Fig. 3 , since the proposed controller is implemented on the slave side and the information from the master is delayed in d sec, the deviation of the master and the slave becomes
. The weighting matrices Q 1 , Q 2 are given as diagonal matrices whose elements are q 1 , q 2 . (14) shows the predicted distance between slave and an object in the step from k + 1 to k + N p . The prediction of l s is de ned to subtract predicted distance from
. . . The matrix
can be rewritten in the following form.
Notice that (14) constrains that the distance between the slave and the object l S is more than 0 in every prediction step. This constraint restricts the slave motion, such that the slave does not move over the position of the object's surface. L s [k] can also be rewritten using Σ xm and 
C. Variable damper and master control
The controller for the master is switched to follow the motion of the slave after the slave touches an object as shown in Fig. 3 . In the system with time delay, the operator misunderstands that the slave has not contacted an object yet and keeps moving the manipulator because the sense of touch on the slave is transmitted to the master with delay. In the end, the slave may collide and put an excessive force on the object. We tried to avoid this by adding a damping factor on the master when the slave comes close to the object to modulate the impact.
(19) where C 0 ∈ R, γ ∈ R. The value of C m (l m ) exponentially increases as l m approaches 0.
IV. Evaluation by numerical simulations

A. Setup for the simulations
The numerical simulations were conducted to evaluate the proposed method by comparing with the conventional 4-ch controller [4] . Table I shows the values and parameters used in the simulation. In order to emulate a motion of human, the reference motion of the master was given as 0. Fig. 4 Fig. 5 shows the simulation result when the conventional 4-ch controller was applied. Fig. 6 Fig. 7 presents the result when the proposed method was applied. The vertical axis represents the position of the master x m and that of the slave x s , while the vertical axis represents the time t [sec] . The red line shows the response of the master, while the blue line represents that of the slave.
B. Simulation results
In the response of the conventional 4-ch controller (Fig. 4) , the slave tried to move forward even though it has a contact with the object at 1.6s because the sense of touch was not transferred to the master. Consequently, the force response in Fig. 5 at 1.6s shows excessive force (-1.9N ) is applied to the object. The master sensed the contact at 2.6s, and the master was suddenly brought back to the point of 0.05m (the contact position). The slave also showed the chattering motion, which demonstrates the repetition of the touching and detaching states. When the proposed method was used, the slave approached the object after the master's motion in a 1.0s delay. The master decelerated its velocity because of the increase of the damping factor when the slave came close to the object, then approached the contact position. The slave touched down the object at 6s. The information that a slave came in contact with an object were transmitted to the master side with a 1.0s delay. Therefore, the master changed its direction at 7s for 0.05m by the position control to the slave. Meanwhile, the slave was controlled to track the master's position. The slave also decelerated by the model predictive control and touched down the object. These results veri ed that the proposed method enabled the soft touch under the transmission delay by moderating the collision impact.
The force response of the master in the proposed method (Fig. 7) starting around 0.12N rose up to 0.2N due to the dumper effect as approaching to the object. At the time of 7s, the contact had be informed to the master side, then the control was switched to the position control to track the slave. In the end, the reaction force to the master was converged to 0.2N. Remarkable thing is that the force of the slave at 6s, which corresponds to the contact force to the object, is very small. This result con rmed that the soft contact to the object was accomplished to avoid collision. V. Experimental evaluation
A. Experimental setup
The experiments were set up using two parallel link manipulators (Novint Falcon) (Fig. 8) and conducted through the operator's manipulation of the one of the manipulators. Table II shows the parameter settings for the experimental devices. A library for quadratic programming named QuadProg++ [12] , which implements the Goldfarb-Idnani active-set dual method, was used to solve Δu re f [k|k] in (13) within the sampling time (8 ms).
The two Novint Falcon manipulators were connected to PC with USB 2.0 cable and controlled by a program implemented with CHAI3D [13] , an open source haptics framework developed in Robotics and Arti cial Intelligence Laboratory at Stanford University. The time delay in the network was emulated by the buffering packets in memories in PC. Fig. 9 shows the experimental results of the proposed method. The vertical axis represents the position of the master x m and that of the slave x s , whereas the horizontal axis represents time. The red line shows the master's response, while the blue line denotes that of the slave. As shown in Fig. 9 , the slave tracked the master's motion with a 1.0s delay. The master then switched to the position control to track the slave after the contact with the object. The master subsequently decelerated near the object by the variable damper effect. The slave also decelerated near the object to track the master and was controlled by the predictive control and softly contacted the object. These results veri ed the validity of the proposed model predictive control and the variable damper.
B. Experimental result
VI. Conclusion
This study proposed a model predictive control with a variable dumping method to avoid collision on the contact in This method is expected to improve the safety for the teleoperation with time delay. The future work will involve the optimization depending on the trade-off between the calculation cost and the controller performance.
